When applied to young nondormant embryos of sunflower (Helianthus annus) (7-10 day[s] after pollination [DAP]), abscisic acid (ABA) inhibited germination as long as it was present. However, whatever the dose used and the duration of its application, ABA was unable to induce dormancy because after transfer of treated embryos to control (without ABA) medium, germination occurred. Thereafter, exogenous ABA became effective and allowed the dormancy to develop in 13 and 17 DAP embryos, i.e. in embryos which after isolation were still able to germinate in high percentage. After embryo dormancy was well established (21 DAP), application of fluridone allowed the germination to occur very quickly on control medium. Isolated dormant axes were also induced to germinate by an application of fluridone. Radioimmunological analysis showed that 24 hours after these treatments, endogenous ABA levels were drastically reduced in the axes. When these fluridone-treated embryos were cultured on ABA medium, germination was again inhibited as long as exogenous ABA was present but germination occurred as soon as embryos were transferred to control medium. Such behavior suggested that in situ ABA synthesis is necessary to impose and maintain the embryo dormancy.
The involvement ofABA in the initiation ofseed dormancy has been the subject of many recent studies using either mutants deficient in or insensitive to the hormone (4) (5) (6) or inhibitors of synthesis, particularly fluridone (3, 11, 12) . In Arabidopsis, Karssen et al. (4) and Koornneefet al. (6) showed that the induction of dormancy depended only on embryonic ABA and could neither be influenced by maternal ABA nor by ABA applied to leaves or roots. In Zea mays, Hole et al. (3) and Smith et al. (12) indicated that there is no stringent requirement for ABA produced specifically by the kernel itself; however, dormancy must be induced during a rather narrow time window at a precise stage of embryogenesis.
We have shown (7) that dormancy of sunflower was induced by ABA during embryo development. Application of fluridone to developing achenes, before the increase of endogenous ABA levels, prevented both ABA accumulation and development of embryo dormancy. To determine the conditions in which ABA intervened to induce dormancy in this species, we first studied the changes in responsiveness of ' embryos isolated at various times after pollination to exogenous ABA. It seemed necessary to distinguish clearly between the physiological consequences of the presence of exogenous ABA in the culture medium and those associated with a genuine induction effect, that is to say those produced by transient application of the hormone and which subsequently persist in its absence. Furthermore, we studied the consequences of an application of fluridone to isolated dormant embryos on their physiological behavior, their endogenous ABA levels and their responsiveness to exogenous ABA.
MATERIALS AND METHODS

Plant Material
Plants of sunflower (Helianthus annuus cv Mirasol) were grown in the fields during summer. In September, flowers of male sterile plants were manually pollinated by pollen harvested on small female sterile flowers (seeds generously provided by S.A. Cargill). Flowers were tagged and harvest took place at different times after pollination.
For each age, 25 embryos, i.e. a sample considered as sufficient to be representative of the population, were used for in vitro culture and extraction. All the experiments were carried out two or three times in two different years (1989) (1990) Days of culture Extraction Procedure Thirty isolated embryos were ground in a mortar with chilled 80% acetone containing 2,6-di-t-butyl-4-methyl phenol as antioxidant (100 mg-L-'). The 
RESULTS
Responsiveness of Young Nondormant Embryos to Exogenous ABA
When ABA was applied to young nondormant embryos (7) (8) (9) (10) , it inhibited germination as long as it was present. However, whatever the dose used ( and the duration ofits application (5 or 10 d) ABA was unable to induce dormancy since after transfer on control medium, germination occurred ( Figs. 1 and 2 ). An application of fluridone to these embryos did not modify their responsiveness to exogenous ABA or their mode of development (data not shown).
Changes in Embryo Responsiveness to Exogenous ABA during Induction of Embryo Dormancy As seed development progressed, exogenous ABA became progressively more effective in inducing dormancy (Fig. 3) : a 5-d culture on ABA 5 x 10-5 M resulted in an induction of dormancy in more than 50% of the 13 DAP nondormant embryos and in all 17 DAP partially dormant embryos.
Physiological Consequences of an Application of Fluridone to Dormant Embryos
After embryo dormancy was well established (22 DAP) an application of fluridone at the time of isolation allowed germination to occur very quickly on control medium (Fig. 4B) . This effect was not due to water or even to traces of acetone in which fluridone was dissolved. An application between the two cotyledons (directly to the axis) resulted in a more rapid response as compared to an application to the upper cotyledon. Thereafter, fluridone (20 ,gL of 100 ,g/mL solution) was always applied with a microsyringe between the two cotyledons. As early as the second day ofculture, a high percentage ofgermination was observed. The growth of the plantlets was quite normal but the cotyledons were white: Chl and carotenoids were only occasionally present in circumscribed areas. However in the majority of cases, the first leaves to appear already contained Chl.
When fluridone was not applied at the time of isolation but after some days ofculture, it may in some cases remain totally effective (for example, after 1 or 3 d of culture in 22-d-old embryos, Fig. 4A, lines c and d) . However, it was generally less effective: either germination is lower (for example after one day of culture for 3 l-d-old embryos (Fig. 4B, line c) , or the germination percentage reached is lower (Fig. 4A , lines e and f; Fig. 4B, lines d-f) . The later the moment of fluridone application, the more Chl was present in the cotyledons of the plantlets. tion (12.5% ± 0.5 for embryos; 11.2% ± 0.4 for axes). This indicates that axes themselves were dormant. When fluridone (5 gL of a solution at 100 ,g/mL) was applied to isolated axes at the time ofthe isolation, germination occurred very quickly (Fig. 5B) . Its effectiveness decreased when the application occurred after some days of culture (Fig. 5B, lines c, d, e) . The change observed was the same as that observed using the intact embryo (Fig. 4B, lines c, d, and f) .
ABA Content in Response to Flundone Treatment
Because germination induced by fluridone appeared very rapidly, endogenous ABA content was assessed 24 or 30 h after treatment (before any sign of germination was visible). When dormant embryos were cultured in vitro, the ABA content decreased markedly during the first day but no significant difference was observed between fluridone treated and nontreated embryos. This decrease must be related to a decrease in ABA content in the cotyledons (Table I) ; thus for 26-d-old embryos, the ABA content fell from 24 ng per pair of cotyledons to less than 1 ng during the first day of culture. The decrease in ABA in the cotyledons, which represented more than 90% of the fresh weight of the embryos older than 21 DAP, masked the variations that occurred in the axes.
When whole embryos were cultured (Table I) , axis ABA content increased in the control, whereas it drastically fell to a nondetectable value in fluridone-treated embryos. When isolated axes were cultured (Table I) Exogenous ABA became effective immediately prior to the natural induction of dormancy. For example, 5 d culture on a medium containing 5 x 10-5 M ABA resulted in partial dormancy in 13 DAP embryos while total induction of dormancy occurred in 17 DAP embryos. Hole et al. (3) observed also that the addition of exogenous ABA to fluridone treated kernels induced dormancy if it was supplied during a critical time period.
These observations suggest that either a change in sensitivity to ABA occurs during development, or the existence of a second factor is necessary along with ABA to induce dormancy. In accordance with this second possibility, Smith et al. (12) proposed a model in which ABA binds to a regulatory protein (VP). Specific induction of dormancy depends upon observed. In fluridone-treated axes, not only was the synthesis of additional ABA (apparent in controls) inhibited but the ABA already present in the embryo was metabolized.
Responsiveness of Fluridone-Treated Dormant Embryos to Exogenous ABA When dormant embryos treated by fluridone at the time of isolation were cultured on ABA medium (5 x 10-' M), germination was inhibited as long as exogenous ABA was present: 5 d (Fig. 6B, line a) or 10 d (Fig. 6C, line a) . However, germination occurred as soon as embryos were transferred to control medium (Fig. 6, B and C, line b) . If the fluridone application was performed at the time of the transfer to control medium (Fig. 6 , B and C, line d) its effectiveness was only partial, but quite similar to that which was observed after 5 d on control medium (Fig. 6A, It is then possible to use fluridone to modify the endogenous ABA level in older embryos. Removal of the cotyledons has no effect on physiological behavior (i.e. the axis itself is dormant). The RIA data indicated that the dormant axis is able to synthesize ABA; after a l-d culture, the level of ABA increased. An application of fluridone totally inhibited this increase in ABA. It therefore appears that in the axes of Helianthus as in Z. mays embryos (2) ABA is synthesized via the indirect pathway requiring a xanthophyll precursor. Such fluridone-treated embryos became able to germinate and exogenous ABA was then unable to reinduce their dormancy.
In Arabidopsis, dormancy was only induced in seeds if the genome of the embryos contained the dominant ABA allele and thus dormancy was induced only by embryonic ABA (4, 6). For Karssen et al. (4) , it seemed that in order to induce dormancy, ABA had to be synthesized close to its site of action in the embryo. However, the localization of the different ABA fractions in the seeds could not be studied in detail due to the tiny size of Arabidopsis seeds. Our results demonstrate that in Helianthus, suppression of ABA synthesis in the axis induces germination and that exogenous ABA cannot reinduce dormancy. It thus appears that a process associated to the synthesis of the inhibitor is required in order to induce dormancy.
